ABSTRACT: Regional differences in trophic structure and availability of alternate sources of basal organic matter to food webs can affect the volume of organic matter converted into fish biomass. The present study combined stable isotope analyses (δ 13 C and δ 15 N) with estimates of biomass density of 22 common reef fishes to compare supply of organic matter derived from macroalgae versus phytoplankton to reef fish communities among 30 sites distributed across Fiordland and the Marlborough Sounds, 2 contrasting regions in terms of land-based stressors on the South Island, New Zealand. Fish communities in the Marlborough Sounds were supported by food webs that incorporated less organic matter derived from macroalgae compared to those in Fiordland. Contribution of organic matter derived from macroalgae to fish biomass decreased with trophic level in the Marlborough Sounds, while fishes in Fiordland were supported by a more equal mixture of organic matter derived from phytoplankton and macroalgae among trophic levels. Total fish biomass density was 1.72 times higher in Fiordland, yet the fish community converted 2.91 times more organ ic matter to fish biomass, as a result of a higher proportion of biomass at high trophic levels. The observed patterns were consistent with limitation in supply of organic matter derived from macroalgae in the Marlborough Sounds, where extensive losses of kelp forest habitat linked to land-based stressors have been reported. The results highlight the importance of considering regional variability in basal organic matter source pools, particularly those produced from sensitive kelp forest habitats, when applying ecosystem-based approaches to managing coastal resources.
INTRODUCTION
Fisheries production can be constrained by the amount of primary production available at the base of the food web (Ware & Thomson 2005 , Friedland et al. 2012 , Watson et al. 2013 . Additionally, differences in the trophic structure of the community strongly affect trophodynamics: how energy is transferred up the food web as well as the energy requirements of the community (Pauly & Christensen 1995) . Anthropogenic impacts such as nutrient runoff, increased sedimentation and climate change are altering the pattern and dynamics of primary production in the world's oceans, particularly in the coastal zone (Johnson et al. 2011 , Koenigstein et al. 2016 , Krumhansl et al. 2016 . Changes of this nature are especially apparent in kelp forest systems, where environmental changes wrought from coastal eutrophication, marine heat waves and proliferation of sea urchins have dramatically modified the distribution and abundance of kelp forests in many parts of the world (Dayton et al. 1998 , Wernberg et al. 2016 . As a consequence, elucidating the trophic structure of marine communities, and the sources of basal organic matter required to support them, is a vital component of effective ecosystem-based models for fisheries management and for predicting how changes to critical habitats such as kelp forests may affect the functioning of marine ecosystems (Persson et al. 2014 , Wing & Jack 2014 , Wing et al. 2015 .
The 2 primary sources of basal organic matter for temperate reef communities are phytoplankton and macroalgae (Fredriksen 2003 , Koenigs et al. 2015 , von Biela et al. 2016 , with additional inputs from sea grasses and terrestrial sources in some habitats (Jack et al. 2009 , McLeod et al. 2010a . In this context, kelp forest habitats can be extremely productive and provide important autochthonous sources of organic matter for coastal food webs (Mann 1973 , Duggins et al. 1989 , Koenigs et al. 2015 . Macroalgae are consumed directly by herbivorous reef fish, and by invertebrate grazers that then provide prey for omnivorous and predatory reef fish (Graham 2004 , Norderhaug et al. 2006 , Davenport & Anderson 2007 . Phytoplankton production is more seasonally variable, but nevertheless an important source of organic matter for the food webs underlying most coastal reef fish communities (Koenigs et al. 2015 , Docmac et al. 2017 , Truong et al. 2017 ). Organic matter derived from phytoplankton is primarily passed through food webs to reef fish through feeding on zooplankton, migrating pelagic forage fishes (Trebilco et al. 2016 , Truong et al. 2017 , or suspension feeding invertebrates (Miller & Page 2012) . The relative contribution of organic matter derived from macroalgae and phytoplankton to consumers is strongly influenced by food web structure and the magnitude of inputs from each source at the base. Consequentially differences in the feeding ecology among primary consumers can strongly influence routing of alternate organic matter sources within food webs and result in large differences in the contribution of alternate basal organic matter sources to higher trophic level species.
Primary consumers tend to derive a high proportion of their organic matter from a single source, either phytoplankton or macroalgae (Rooney et al. 2006 , Hamilton et al. 2014 . At higher trophic levels, secondary and tertiary consumers are supported by a more even mixture of the available organic matter sources as the variety of underlying trophic connections increases (McMeans et al. 2013 , Koenigs et al. 2015 . In diverse communities, coupling of different energy channels at high trophic levels confers stability in food webs (Rooney et al. 2006) . Theoretically, if higher trophic level consumers are better able to integrate prey, then the food web should have a 'hump shaped' structure when graphed on axes of percent contribution of alternate organic matter sources versus trophic level (McMeans et al. 2013) . Rooney et al. (2006) demonstrated that this relationship is present across a diverse variety of ecosystems. For example, in coastal marine systems, if both primary sources of organic matter, in the present case macroalgae and phytoplankton, are sufficiently available, top level consumers will be supported by an approximately equal mixture of organic matter derived from the 2 sources (Rooney et al. 2006) .
As a result of their high trophic level, reef fish act as effective integrators for the flux of organic matter from macroalgae and phytoplankton through coastal food webs (Thomas & Cahoon 1993 , Vander Zanden & Vadeboncoeur 2002 , Hamilton et al. 2011 . A majority of temperate reef fish employ generalist feeding strategies, and their diets reflect the relative availability of their prey, and hence the relative availability of the basal organic matter sources for the food webs that support those prey (Cowen 1986 , McLeod et al. 2010b , Jack & Wing 2011 . Consequently, if 1 organic matter source is limited, then one would expect the top predators to acquire the majority of their organic matter from the alternate, more abundant, source (McCann & Rooney 2009 ).
As organic matter is transferred up the food web, approximately 90% is lost in terms of biomass with each trophic transfer (Pauly & Christensen 1995 , Ware 2000 . As a consequence, the amount of basal organic matter required to support a fish at trophic level 4 is an order of magnitude higher than the organic matter required to support a fish of equal biomass at trophic level 3. Therefore, if supply of one organic matter source is limited, then as organic matter is transferred up the food web to higher trophic levels, the proportion of organic matter acquired from the alternate, more abundant, source will increase (McCann & Rooney 2009 ). In this context, for temperate reef fishes, if the supply of organic matter derived from kelp forests is limited, then high trophic level fish may increase their use of subsidies from external pelagic sources to meet their high energy demands (Trebilco et al. 2016) . These relationships provide a valuable method for resolving patterns in limitation of basal organic matter supply within natural food webs.
Kelp forests are currently under threat from a variety of anthropogenic activities with evidence for widespread losses of kelp bed habitat along coastlines worldwide (Dayton et al. 1998 , Steneck et al. 2002 , Connell et al. 2008 . Macroalgae are an important organic matter source for many reef fish commu-nities (Koenigs et al. 2015 , von Biela et al. 2016 ; therefore, a contraction of kelp forest habitats may affect the structure, stability and productivity of temperate reef food webs (McMeans et al. 2013 , Markel & Shurin 2015 . A corollary is that patterns in the incorporation of basal organic matter from macroalgae into coastal food webs provides a metric for how regional differences in the prevalence of kelp forest habitats affect trophodynamics of fishes.
Here we were able to directly test these ideas by comparing the trophic architecture, origins and volume of organic matter supporting coastal fish communities from 2 contrasting regions, Fiordland and the Marlborough Sounds. Both regions are characterized by extensive wave-sheltered rocky reef habitats at the entrances of the sounds, harboring kelp forests with both giant kelp Macrocystis pyrifera and the common kelp Ecklonia radiata, as well as similar reef fish and benthic invertebrate communities (Shears & Babcock 2007 , Wing & Jack 2014 . Nevertheless, there have been declines reported in giant kelp forests in the Marlborough Sounds over the last 50 yr linked to marine heat waves (Hay 1990 ) and increases in fine sediment inputs (Handley 2016) , and following the overharvesting of the sea urchin predators red rock lobster Jasus edwardsii and blue cod Parapercis colias (Davidson et al. 2014) . In contrast, Fiordland is a relatively pristine region with few land-based stressors (Tallis et al. 2004) , intact native forest catchments contained within a national park (Wing & Jack 2014 ) and extensive, multilayered kelp forest habitats (Miller et al. 2006 , Wing et al. 2007 ). Regardless of the causal mechanisms, observed differences in prevalence of kelp forest habitat between the 2 regions provides an important scientific opportunity to answer the question: How do regional differences in extent of kelp forest habitats affect supply of organic matter to food webs supporting reef fish communities?
Stable isotope analysis provides a repeatable method for estimating an animal's trophic position, as the isotopic signature of an animal's tissues reflects that of its diet (Deniro & Epstein 1978 . Owing to basic differences in acquisition of inorganic carbon, phytoplankton and macroalgae can, in many circumstances, each have characteristic values of δ 13 C (e.g. Jack & Wing 2011) . Therefore, δ 13 C can be used to determine the relative contribution of organic matter derived from the alternate sources to a consumer (Fry 2006) . There is also a predictable increase in δ 15 N with each trophic exchange; therefore, the δ 15 N of a consumer's tissues can be used to determine its integrated trophic level (McCutchan et al. 2003) .
In the present study, we used stable isotope analyses to determine the trophic level of, and contribution of organic matter derived from macroalgae to the 22 most common fish species in the temperate reef communities of Fiordland and the Marlborough Sounds, New Zealand. We then combined information on density, per-capita biomass and trophic position of the reef fish species in each region to investigate: (1) how biomass was distributed across trophic levels in the reef fish communities, and (2) how much of the biomass at each trophic level was supported by macroalgae. A regional comparison of this relationship allowed us to address how limited local abundance of kelp forest habitats may have affected supply of organic matter to food webs supporting reef fish communities.
Information on the trophic level and relative biomass of each of the 22 species was then used to estimate: (3) the total amount of basal organic matter from macroalgae and phytoplankton that was required to support the temperate fish communities on a per unit area basis, and (4) the sensitivity of our results to a range of trophic transfer efficiencies. Here we were able to compare how regional differences in trophic structure related to differences in the energy requirements of the 2 communities. In these analyses, we asked whether the proportion of fish biomass supported by organic matter derived from macroalgae versus phytoplankton was constant across trophic levels or if 1 organic matter source became more predominantly used by higher trophic levels, as a measure of the relative availability of the alternate sources. These data have important implications for understanding the role of kelp forest habitats as a source of basal organic matter for supporting coastal reef fish communities in the context of ecosystembased management. In a management context, these data not only highlight the role of kelp forests as a vital provider of biogenic habitat for reef fish but also reveal these habitats as an important source of organic matter supporting coastal food webs.
MATERIALS AND METHODS

Surveys of reef fish density
The density of reef fish in each region was estimated using underwater visual census. Divers using SCUBA recorded the abundance of all fish observed along belt transects (50 m long by 5 m wide by 2.5 m high) centered at 5 and 15 m depths at each study site. Four independent replicate transects were surveyed at each depth for each of the 30 sites (n = 240) giving a total area surveyed of 60 000 m 2 . The composition of diver teams identifying and counting fishes was kept constant for the duration of the study. Diving surveys in the Marlborough Sounds were conducted during January 2017 (8 sites) and February 2018 (4 sites), and surveys in Fiordland were conducted during November 2015 (11 sites) and May 2017 (7 sites). Study sites were confined to rocky reef habitat in each region and were stratified in a factorial design among wave-exposed (generally more macroalgae) and wave-sheltered sites (generally fewer macroalgae) and within fished areas and marine reserves, in order to sample a representative range of rocky reef habitats within each region (Fig. 1 ).
Trophic position of reef fish
For each of the 22 fish species observed on the belt transects, a random sample of individuals was collected from each region, using a combination of hook and line and pole spears (total n = 775, minimum sample size of 5 for common species). Sampling was carried out during austral summer (January and February) of 2017 and 2018 under permit from the New Zealand Ministry of Primary Industries and under ethical approval from the University of Otago animal ethics committee (ET 21/11). Collections using pole spears enabled us to sample a random selection of individuals stratified within discrete size ranges for the most common species for each region (e.g. blue cod Parapercis colias) in order to account for any ontogenetic shifts in diet between juvenile and adult phases.
Fish were frozen and transported back to the Portobello Marine Laboratory where dorsal muscle tissue samples were dried at 60°C for 48 h, ground to a fine powder using mortar and pestle and 1 mg subsamples were sealed into tin capsules for measurement of δ 13 C and δ 15 N. Lipids were not extracted from muscle tissue before isotopic analysis as the C:N ratio was found to be between 3.5 and 4 for all species. These values were below critical values for determining whether lipid extraction was required, and as we were comparing the same species between regions, lipid extraction was not deemed necessary (Post et al. 2007 , Skinner et al. 2016 .
Suspended particulate organic matter (SPOM) was collected from each site using a 20 µm plankton net vertically cast through the water column from 15 m to the surface (n = 30). SPOM samples were passed through a 250 µm filter to remove zooplankton and 1'8.72"E, Marlborough Sounds 41°6'6.80"S,174°18'31.46"E whole bulk samples were used for isotopic analysis. We examined samples microscopically to confirm that they were primarily made up of phytoplankton. For each common macroalgal species present at a study site, for example Macrocystis pyrifera, Ecklonia radiata, Cystophora spp., Carpophyllum spp., Undaria pinnatifida and Ulva spp., blade tissue was collected by divers from multiple individuals (n = 5) stratified by depth. Samples of SPOM and macroalgae were dried at 60°C for 48 h and ground into a fine powder using mortar and pestle. Powder from SPOM and macroalgae samples were weighed to 3 mg and sealed into tin capsules for measurement of δ Raw results were calibrated to international scales using USG40 and USG41 reference materials. An in-house laboratory standard (EDTA, Elemental Microanalysis) was used to check the method's precision and accuracy. Drift corrected data are reported with respect to the appropriate international reference standard; atmospheric air for δ 15 N and Vienna Pee Dee Belemnite for δ 13 C. The isotope ratio was expressed in standard delta notation (Fry 2006) . Variability in sample replicates within trays was estimated by calculating the average variance and standard deviation for δ 15 N and δ 13 C. As the standard deviation was less than 2% of the mean for all samples replicated within trays, we concluded that instrument drift within a run was low and very unlikely to mask true differences in isotopic signatures among groups.
The relative abundance of each macroalgal species, as determined from density data from each site, was used to calculate aggregate macroalgal values for δ 15 N and δ 13 C with variance stratified among species (after Wing et al. 2012) . Average values of δ 15 N and δ 13 C for phytoplankton-derived and macroalgaederived organic matter were then calculated for each region, with variance among sites (see Table 1 ). For all fish, except the 2 herbivorous species, a 2-step iterative procedure was used to determine the trophic level and the origin of basal organic matter based on δ 15 N and δ 13 C of each individual (Jack & Wing 2011) . A 2-source mass balance model after Phillips & Gregg (2001) was used to estimate the relative contribution of organic matter derived from macroalgae and phytoplankton to each individual using δ 13 C. Initially, an approximation of trophic level was used to estimate the trophic discrimination of δ N base / Δ n ), where Δ n is the trophic discrimination factor, after Post (2002) . The resulting estimate of the trophic level was then iterated back into the mass balance model until a stable solution was obtained. We used trophic discrimination factors of + 0.5 ± 0.17 ‰ (mean ± SE) for Δ 13 C, and + 2.3 ± 0.28 ‰ for Δ 15 N, after McCutchan et al. (2003) . Trophic discrimination factors can vary between taxa and systems (Newsome et al. 2010) . However, as we were comparing the same species between regions, any errors introduced by the use of an average discrimination factor should not have affected the detection of regional differences in trophic position.
For the 2 strictly herbivorous species, greenbone Odax pullus and marblefish Aplodactylus arctidens, we used estimates of the trophic level and mass balance estimates as above, but considered alternative sources of organic matter from within the macroalgal community. O. pullus and A. arctidens were found to be strictly herbivorous, based on examination of diet from stomach content samples. Primary consumers can have a more variable trophic discrimination factor Δ 15 N than the average value among trophic transfers found in higher trophic level consumers. Therefore, we used an average of the Δ 15 N (+ 4.62 ± 0.17 ‰) reported for 3 herbivorous fishes by Mill et al. (2007) for our mixing models of herbivorous fish.
Biomass distribution across trophic positions
Average wet weight (g) was calculated for each fish species collected for isotopic analysis within each region. To determine the per-capita ash-free dry weight (g) for each species, a subset of the fish collected were dried at 60°C for 48 h and then weighed, combusted in a muffle furnace at 500°C for 24 h and reweighed. The ash-free dry weight (g) for each species was used to develop an equation for ash-free dry weight, or biomass, from wet weight (biomass [g] = 0.2206 × wet weight [g], r 2 = 0.96). This conversion factor was then used to convert the average wet weight of each fish species for each region into an average per-capita biomass per species.
Fishing influences population size structure. Therefore, abundance of common exploited species was stratified by size classes. For example, blue cod P. colias) was stratified into 3 size classes (<15, 15−33, > 33 cm) while blue moki Latridopsis ciliaris was stratified into 2 size classes (< 40, > 40 cm). Average per-capita weight by size class was calculated for these species and a conversion factor was used to estimate the per-capita biomass (g) for each size class, and for the population.
For each transect, species abundance was multiplied by the specific average per-capita biomass. Biomass of each species was then multiplied by the average proportion of biomass that was supported by organic matter derived from macroalgae for that species (based on mass balance calculations from stable isotope data, see Sections 2.1 and 2.2). From these data the average biomass of each species and the average biomass supported by organic matter derived from macroalgae of each species was calculated. Plots of cumulative fish biomass and cumulative fish biomass supported by organic matter derived from macroalgae by trophic level, for both Fiordland and Marlborough, allowed visualization of how the proportion of fish biomass supported by organic matter derived from macroalgae changed with trophic level and of how the distribution of biomass across trophic levels differed between regions.
For each transect, the total biomass and the biomass supported by organic matter derived from macro algae was summed among species to give a total biomass (g 250 m ). Dividing the amount of biomass supported by orga nic matter derived from macroalgae by the total amount of biomass gave the proportion of biomass supported by organic matter derived from macroalgae on each transect. General linear models (JMP 11.0 SAS) with factors REGION (2 levels, fixed) and SITE [REGION] (30 levels, random) were used to test for regional differences in: (1) total fish biomass, (2) fish biomass supported by organic matter derived from macroalgae, (3) fish biomass supported by phytoplankton-derived organic matter and (4) proportion of fish biomass supported by macroalgae-derived organic matter.
The proportion of total cumulative fish biomass supported by organic matter derived from macroalgae at each trophic level was calculated. A general linear model with factors REGION (fixed, 2 levels) and TROPHIC LEVEL [REGION] (continuous) was used to test whether there was a relationship between the proportion of cumulative fish biomass supported by organic matter derived from macroalgae and trophic level and whether the slope of the relationship differed between regions. Herbivores (O. pullus and A. arctidens) were excluded from this analysis. Use of cumulative biomass in this case allowed one to visualize the total biomass below each trophic level that was supported by a particular organic matter source. Further, one could then test how the proportion of organic matter derived from any 1 source changed continuously through the food web.
Organic matter required to support reef fish community
For each transect, we calculated the amount of organic matter required to support the biomass of each species observed using the following formula, where TE is the transfer efficiency:
(1) Trophic level was calculated for each species assuming primary producers were at trophic level 0. Here we used an average transfer efficiency of 0.1 for the transfer of organic matter between each trophic level (Pauly & Christensen 1995 , Ware 2000 . The amount of organic matter biomass required to support each species was multiplied by the proportion of that species' biomass supported by organic matter derived from macroalgae, to give the amount of macroalgae biomass required to support each species. For each transect, the biomass of organic matter and the biomass of organic matter derived from macroalgae was summed among species to give total organic matter biomass (g 250 m −2
) and organic matter biomass derived from macroalgae (g 250 m −2 ) that was needed to support the reef fish community. Dividing the amount of organic matter derived from macroalgae by the total amount of organic matter required gave the proportion of organic matter derived from macroalgae on each transect. The amount of organic matter derived from phytoplankton was calculated as the difference between total organic matter and organic matter derived from macroalgae. General linear models (JMP 11.0 SAS) with factors REGION (2 levels, fixed) and SITE [REGION] (30 levels, random) were used to test for regional differences in: (1) total organic matter, (2) organic matter derived from macroalgae, (3) organic matter derived from phytoplankton and (4) proportion organic matter derived from macroalgae.
As trophic efficiencies can vary between taxa and systems (Ware 2000 , Barnes et al. 2010 , we tested Organic matter biomass (g)= Fish biomass(g) TE TrophicL Level the sensitivity of our estimates of organic matter required to support the fish community to a range of values of transfer efficiency. We calculated organic matter required as above, but using transfer efficiency values ranging from 0.05 to 0.2 for the calculation of the total organic matter biomass required to support each species (Barnes et al. 2010) . General linear models (JMP 11.0 SAS) with factors REGION (2 levels, fixed) and SITE [REGION] (30 levels, random) were used to test for regional differences in the total amount of organic matter required to support the fish community, as calculated using the range of reported transfer efficiencies.
RESULTS
Trophic position of reef fish
δ 13 C and δ
15
N of phytoplankton and macroalgae, as well as those of fishes were well differentiated among regions (Table 1 ). The resulting shape of the cumulative distribution of reef fish biomass among trophic levels varied between regions (Fig. 2) . Here the distribution of reef fish biomass among trophic levels extended to higher trophic levels in Fiordland than the Marlborough Sounds (Fig. 2) . In Fiordland, the highest average trophic level was 4.02 ± 0.51 (Hypoplectrodes huntii), while in the Marlborough Sounds Nemadactylus macropterus occupied the highest average trophic level at 3.336 ± 0.2316.
Biomass distribution across trophic positions
Total fish biomass (g 250 m −2 ) was significantly higher in Fiordland than in the Marlborough Sounds (F 1,189 = 5.1618, p = 0.0308, r 2 = 0.3711) (Figs. 2 & 3) . Along with the greater fish biomass, there was a greater amount of fish biomass supported by organic matter derived from macroalgae in Fiordland (F 1,186 = 12.96, p = 0.0012, r 2 = 0.422) (Fig. 3) . Nevertheless, there was no regional difference in the amount of fish biomass supported by organic matter derived from phytoplankton (F 1,186 = 1.3624, p = 0.2527, r 2 = 0.3313). Consequently, organic matter derived from macroalgae supported a greater proportion of total reef fish biomass in Fiordland (49.32 ± 1.08%) than in the Marlborough Sounds (33.57 ± 0.62%) (F 1,186 = 182.59, p < 0.0001). There was a significant regional difference in the slope of the relationship between trophic level and the proportion of cumulative fish biomass supported by organic matter derived from macroalgae (Main Test: F 3, 26 = 25.26, p < 0.0001; TROPHIC LEVEL [REGION] : F = 37.88, p < 0.0001; REGION: F = 30.16, p < 0.0001). In the Marlborough Sounds, the proportion of cumulative fish biomass supported by organic matter derived from macroalgae declined with increasing trophic level (t = −8.61, p < 0.0001); however, in Fiordland there was no relationship between trophic level and proportion of cumulative fish biomass supported by organic matter derived from macroalgae (t = −1.30, p = 0.2054) (Fig. 4). 
Organic matter required to support reef fish communities
Using an average transfer efficiency of 10%, the Fiordland reef fish community required a greater biomass of basal organic matter to support them than did the Marlborough Sound reef fish community (F 1,189 = 11.257, p = 0.0022, r 2 = 0.5816) (Fig. 5) . The Fiordland fish community incorporated more organic matter derived from macroalgae ( (Figs. 5 & 6a) . The fish communities in both regions derived over 50% of their organic matter from phytoplankton, although the proportion of organic matter derived from macroalgae was greater in the Fiordland reef fish community (46.41% ± 0.75%) than in the Marlborough Sounds reef fish community (31.37% ± 0.56%) (F 1,189 = 75.3495, p < 0.0001, r 2 = 0.8135) (Fig. 6b) . While the total fish biomass was 1.72 times higher in Fiordland than in the Marlborough Sounds, the Fiordland fish community consumed and integrated 2.91 times more organic matter. Further, the Fiordland fish community made use of 4.44 times more organic matter derived from macroalgae and 2.29 times more orga nic matter derived from phytoplankton than the Marlborough Sounds reef fish community. The use of different transfer efficiencies altered the estimates of the magnitude of regional differences in organic matter required to support each community. This difference was primarily due to regional differences in the magnitude of fish biomass and the distribution of biomass among trophic levels ( Table 2 , Fig. 7) . However, the regional difference in organic matter required to support the fish community remained significantly different for transfer efficiencies ranging from 0.05 to 0.2 (Table 2) .
DISCUSSION
The data and results presented here demonstrate that the observed differences in organic matter supply to, and trophic structure of, reef fish communities between the Marlborough Sounds and Fiordland resulted in important regional differences in the trophodynamics of the reef fish communities. The relationships between incorporation of organic matter derived from macroalgae into food webs, distribution of biomass across trophic levels, and the amount of organic matter required to support the fish community differed significantly between the 2 regions. These data highlight the importance of kelp forest habitats as sources of basal organic matter for supporting coastal food webs, in addition to their role as providers of critical biogenic habitat, and provide a framework for considering trophodynamics of fish in the context of ecosystem-based management. Table 2 . Results from GLMs on the regional difference in organic matter required to support the fish communities, as calculated using a range of values for trophic efficiency. All values are significant at p < 0.05) ) (j) and organic matter derived from macroalgae (j) required to support the fish community and (b) the proportion of organic matter derived from macroalgae. Mean ± SE; *significant regional differences at p < 0.05
A lower proportion of total fish biomass was supported by organic matter derived from macroalgae in the Marlborough Sounds, relative to that observed for the fish community from Fiordland (Figs. 2 & 3) . In addition, the observed declining contribution of organic matter derived from macroalgae with trophic level in the Marlborough Sounds is consistent with theoretical predictions on limitation of organic matter available to support food webs (Fig. 4) . In the Marlborough Sounds, the higher trophic level species increasingly relied on food webs linked to pelagic subsidies rather than autochthonous macroalgae. Many high trophic level temperate reef fish exhibit dietary shifts based on resource availability (Cowen 1986 , Hamilton et al. 2011 , Jack & Wing 2011 , Beer & Wing 2013 . Here an increased reliance of higher trophic level fishes on phytoplankton-derived food webs indicated that this was likely the most available resource in the Marlborough Sounds, based on the mobile consumer adaptive response hypothesis (McCann & Rooney 2009 ). In contrast, the proportion of fish biomass supported by organic matter derived from macroalgae in Fiordland did not change with trophic level, indicating that there was sufficient macroalgae production available to the fish community to support the energy requirements of higher trophic level species. Patterns of organic matter use observed in the Fiordland fish community matched theoretical predictions of coupling of different energy channels in food webs when availability of both sources was non-limiting (Rooney et al. 2006) .
While the patterns we observed match theoretical predictions, several important caveats must accompany our conclusions. For example, the decreasing contribution of organic matter derived from macroalgae to fish biomass as trophic level increases in the Marlborough Sounds may have been due to a lack of transfer of macroalgae-derived organic matter to high trophic level species, rather than a lack of macroalgae production. Due to larger body sizes, herbivorous and omnivorous fish have lower predation rates than many zooplanktivorous fishes (Ste venson et al. 2007 , Young et al. 2010 , Truong et al. 2017 , which could reduce the transfer of macroalgae-derived organic matter to higher trophic levels. However, fish on temperate reefs have been observed to feed primarily on invertebrates rather than fish (Page et al. 2013 ), with the high trophic level fish species being generalist omnivores rather than exclusively piscivorous (Russell 1983 , Jones 1988 . As many reef invertebrates graze on macroalgae (Hobson & Chess 2001 , Koenigs et al. 2015 , the prey base linked to macroalgae-derived organic matter would be available to reef fish even in the absence of predation on herbivorous fishes.
Allochthonous primary production from phytoplankton is a large organic matter source that may be adequate to support the fish community in the absence of macroalgae inputs (Cresson et al. 2014 , Champion et al. 2015 . Despite the high observed inputs of organic matter derived from macroalgae to food webs supporting the Fiordland reef fish community, phytoplankton supports approximately half (50.68%) of the fish biomass. These data are consistent with observations that both phytoplankton and macroalgae production are important sources of organic matter for temperate reef fish communities (McMeans et al. 2013 , Koenigs et al. 2015 , Truong et al. 2017 . If there was sufficient supply of phytoplankton, the increased reliance on pelagic subsidies in the Marlborough Sounds fish community may not have affected the magnitude of fish production (Downing et al. 1990 , Ware & Thomson 2005 . Nevertheless, increased reliance on a single organic matter source is likely to reduce the stability of supply of organic matter to the food web (Rooney et al. 2006) . Here fish community production, particularly production of high trophic level species, is likely to be more variable as it is more vulnerable to perturbations in pelagic productivity than if the community was supported by a more equal, and diverse, mix of organic matter sources (Doak et al. 1998) . The species occupying the highest trophic levels in the Marlborough Sounds are all exploited species: tarakihi Nemadactylus macropterus, kahawai Arripis trutta, red moki Cheilodactylus spectabilis and blue cod Parapercis colias. Therefore, the observed patterns have important implications for understanding me chanisms for variability in fisheries production. The Fiordland fish community had higher fish biomass density and more fish biomass at higher trophic levels, relative to the fish community in the Marlborough Sounds. As a consequence, the Fiordland fish community required more organic matter to support the underlying food webs that made up its prey base (Figs. 5 & 6) . Total fish biomass density was 1.72 times higher in Fiordland than in the Marlborough Sounds, yet in Fiordland the fish community converted 2.91 times more organic matter into fish biomass. As 90% of biomass is lost with each trophic transfer (Pauly & Christensen 1995) , the small regional differences in distribution of biomass across trophic levels translated into large differences in the amount of organic matter converted into reef fish biomass. Observations of greater fish biomass at higher trophic levels in Fiordland, relative to those observed in the Marlborough Sounds, is consistent with a larger and more diverse base of productivity in Fiordland. This observation is consistent with the idea that food web complexity has been observed to be positively influenced by productivity at the base (Oksanen et al. 1981 , Persson et al. 1992 , Vander Zanden et al. 1999 . Further, there was a large regional difference in the total volume of basal organic matter derived from macroalgae (4.44 times more in Fiordland) versus that derived from phytoplankton (2.29 times more in Fiordland). Nevertheless, the biomass of reef fish per unit area supported by organic matter derived from phytoplankton was not statistically different between regions. Consequently, the difference in observed magnitude of reef fish biomass per unit area between the regions was primarily comprised of fish biomass supported by organic matter derived from macroalgae. This result highlights the effects of greater inputs of macroalgae-derived orga nic matter on the reef fish community in Fiordland, relative to those in the Marlborough Sounds, in terms of biomass density of coastal fish.
Community biomass is often thought to be a function of habitat productivity (Randall & Minns 2000) , indicating that Fiordland is likely a more productive marine environment than the Marlborough Sounds. However, fish biomass may not be an appropriate measure of habitat productivity if one community is subject to higher levels of exploitation (Minns et al. 2011) or natural mortality. Hence, the lower fish biomass in the Marlborough Sounds, relative to that observed in Fiordland, may alternatively be attributable to heavier fishing pressure as opposed to a reflection of the organic matter available to support food webs. If this was the case, differences in modifications of the fish community wrought by fishing between regions may have resulted in differences in how organic matter was converted into fish biomass.
Regardless of the trophic efficiency used to calculate the organic matter required to sustain the reef fish community, the energetic requirements of the Fiordland fish community were consistently higher than those of the Marlborough fish community (Fig. 7) . The magnitude of the regional difference, however, was affected by trophic efficiency, indicating we may have over-or under-estimated the amount of organic matter required by using the average 10% value for the majority of calculations (Pauly & Christensen 1995) . Further, as transfer efficiency may decrease with increasing trophic level (Ware 2000 , Barnes et al. 2010 , we may have underestimated the regional difference in organic matter use, as there was more biomass at higher trophic levels in Fiordland.
The present study only quantified fish biomass rather than fish production (i.e. the rate of change in biomass). As fish biomass and fish production are generally correlated (Downing & Plante 1993 , Randall et al. 1995 , fish production was likely higher in Fiordland than in the Marlborough Sounds. However, there are other variables that may affect the production−biomass ratio (Randall et al. 1995 , Minns et al. 2011 , and hence our estimates of total fish biomass may not directly reflect regional differences in fish production. For example, there is evidence that the growth rate of some temperate reef species increases with increased contribution of organic matter derived from macroalgae at the base of the food web (Beer & Wing 2013 , Markel & Shurin 2015 . Consequentially, the magnitude of the regional difference in fish production may be larger than the regional difference in total fish biomass, as the Fiordland community utilizes more macroalgae-derived organic matter. The assumption that higher fish biomass resulted in greater fish production was also dependent on the 2 communities having comparable average fish size and growth rates (Randall et al. 1995) . Inclusion of growth rates in further research would aid in better resolution of differences in the productive capacity of fish communities between the Marlborough Sounds and Fiordland (Minns et al. 2011) .
The estimates of biomass distribution amongst trophic positions in the present study used regional averages for the trophic position of each species. Though the estimates included variation at the transect and site level, based on different relative abundances of reef fishes, the estimates did not include transect or site level variation in trophic position. Notably, there can be considerable small-scale intraspecific variation in trophic position within a region in some systems (Hamilton et al. 2011 , Wing et al. 2012 . Due to the large spatial extent of inputs of organic matter derived from macroalgae to coastal food webs (Duggins et al. 1989 , Krumhansl & Scheibling 2012 , a regional scale approach to estimating organic matter fluxes was deemed most suitable.
The results presented here demonstrate that there were dramatic differences in the trophodynamics of reef fish communities between 2 contrasting regions: the Marlborough Sounds and Fiordland. The results provide further support for the hypothesis that the supply of macroalgae-derived organic matter to the reef fish community was limited in the Marlborough Sounds. Marine heat waves and extensive conversion of native forest to agriculture and development, resulting in increased sediment loading, as well as losses of important sea urchin predators have been linked to a loss of kelp bed habitats in the Marlborough Sounds (Hay 1990 , Davidson et al. 2014 , Handley 2016 . Both Hay (1990) and Handley (2016) report decadal scale decreases in the primary canopy forming species Macrocystis pyrifera in the region with links to ocean warming, sedimentation and formation of sea urchin barren grounds. Here there was likely an important interaction between differences in production in organic matter source pools, in this case low inputs of organic matter derived from kelp forest habitats, and reduced abundance of higher trophic level omnivorous species wrought from increases in fishing-induced mortality in the region. The ob served contrast in coastal food web structure be tween regions provides an important case study for how changes in kelp forest habitat influence food web connectivity within coastal marine ecosystems.
Kelp forest habitats are under threat globally (Krumhansl et al. 2016 ) with observations of reductions and shifts in range linked to climate change (Dayton et al. 1999 , Byrnes et al. 2011 , Wernberg et al. 2016 ) alongside wide scale degradation of coastal environmental conditions (Dayton et al. 1998 , Connell et al. 2008 ) and reductions in predation on sea urchins which coalesce resulting in regime shifts to barren habitat (Steneck et al. 2004 , Filbee-Dexter & Scheibling 2014 . One of the clear consequences of losses in kelp forests is a reduction in availability of biogenic habitat (e.g. Wing et al. 2015) . A more cryptic consequence is how losses in production of organic matter from kelp forests influence food web connectivity and trophodynamics at the regional scale (e.g. Salomon et al. 2008) . These issues are directly relevant to successful implementation of ecosystem-based management in coastal marine systems as one of the central goals of the approach is to preserve ecosystem connectivity and processes that result in provision of ecosystem services in the context of multiple uses (Pikitch et al. 2004 , Arkema et al. 2006 , Levin & Lubchenco 2008 . Organic matter and nutrients are the currency of food webs, and thus a vital component of ecosystem connectivity and function. The results of the present study highlight the consequences of contraction in kelp forest habitat for food web connectivity and coastal fish productivity. Regardless of the drivers of the observed dif ferences in incorporation of kelpbased organic matter within food webs, the results emphasize the importance of considering regional stressors on production in basal organic matter source pools, particularly those from sensitive kelp forest habitats, when applying ecosystem-based approaches to managing coastal resources and biodiversity.
